Abstract-This paper analyzes the robustness and stability of a disturbance observer (DOB) and a reaction torque observer (RTOB)-based robust motion control systems. Conventionally, a DOB is analyzed by using an ideal velocity measurement that is obtained without using a lowpass filter (LPF); however, it is impractical due to noise constraints. An LPF of velocity measurement changes the robustness of a DOB significantly and puts a new design constraint on the bandwidth of a DOB. An RTOB, which is used to estimate environmental impedance, is an application of a DOB. The stability of an RTOB-based robust force control system has not been reported yet since its oversimplified model is derived by assuming that an RTOB has a feedforward control structure. However, in reality, it has a feedback control structure; therefore, not only the performance but also the stability is affected by the design parameters of an RTOB. A new practical stability analysis method is proposed for an RTOB-based robust force control system. In addition to that, novel and practical design methods, which improve the robustness of a DOB and the stability and performance of an RTOB-based robust force control system, are proposed by using the new analysis methods. The validity of the proposals is verified by simulation and experimental results.
I. INTRODUCTION

I
N the motion control field, two-degrees-of-freedom (2-DOF) controllers, in which the robustness and performance of servo systems are controlled independently, have long been used due to their significant advantages, e.g., robustness can be achieved by using low gain controllers [1] - [4] . Several design methods have been proposed to achieve a 2-DOF controller such as generalized internal model control and disturbance observer (DOB)-based control methods [5] - [7] . Among them, a DOB is one of the most popular robust control tools since robustness can be adjusted in a desired bandwidth, intuitively [7] .
A DOB, which was proposed by Ohnishi et al., has been used in several motion control applications, e.g., robotics, industrial automation, and automotive, due to its simplicity and efficiency [7] - [12] . It estimates external disturbances and system uncertainties, and the robustness of a system is achieved by feeding back the estimated disturbances in an inner loop [6] , [13] . To achieve performance goals, an outer-loop controller is designed by considering only the nominal plant model, e.g., acceleration-based control [7] , [14] , [15] . The bandwidth of a DOB and the nominal inertia and torque coefficient of a motor are the fundamental design parameters of a DOB-based robust motion control system. The bandwidth of a DOB is desired to set as high as possible to estimate/suppress disturbances in a wide frequency range; however, it is limited by noise and robustness constraints [16] , [17] . Several research studies have been conducted to improve the bandwidth of a DOB by suppressing the noise of velocity measurement [18] - [20] . To suppress the noise, velocity is generally estimated by using a low-pass filter (LPF) in the design of a DOB; however, so far, it has not been considered to simplify the analyses. It is a well-known fact that the stability and performance of a DOBbased robust motion control system can be improved by using a higher/lower nominal inertia/torque coefficient; however, its upper/lower bound has not been shown yet [21] . In reality, the nominal plant parameters are limited by the robustness of a DOB and practical design constraints; thus, the stability and performance cannot be freely improved.
An RTOB, which was proposed by Murakami et al., is an application of a DOB and is used to estimate environmental impedance [22] . It is simply designed by subtracting system uncertainties from the input of a DOB [22] . Although a DOB and an RTOB are quite similar, only the latter has a modelbased control structure that is the main challenging issue in its design. Several superiorities of an RTOB over a force sensor, e.g., higher force control bandwidth, stability improvement, and force-sensorless control, have been experimentally shown in the literature [22] - [25] . In the conventional analysis and design methods of an RTOB-based robust force control system, oversimplified methods, which consider only the performance, are used for the sake of simplicity, and it is designed by using the DOB's design parameters, e.g., the bandwidths of a DOB and an RTOB are set to the same value in general [22] , [23] . However, in reality, not only the performance but also the stability significantly changes by the design parameters of an RTOB since it has a feedback control structure. Therefore, the stability of an RTOB-based robust force control system should be analyzed.
In this paper, new robustness and stability analysis methods are proposed for the DOB-based robust motion control systems. The LPF of velocity measurement is considered, and it is shown that there is a tradeoff between the robustness and stability in the design of a DOB; the bandwidth of a DOB and nominal inertia/torque coefficient have upper/lower bounds due to the robustness constraint. A new design criterion is proposed to adjust the tradeoff between robustness and stability. In addition to that, a new stability analysis is proposed for an RTOB-based robust force control system. It is shown that the stability of the robust force control system is significantly affected by the design parameters of a DOB and an RTOB. A DOB and an RTOB can be designed as a phase lead-lag compensator by setting their bandwidths to different values, and the stability and performance of the robust force control system can be improved by increasing the bandwidth of an RTOB. The identified inertia in the design of an RTOB changes the stability of the robust force control system: if the identified inertia is higher than the exact inertia, then there is a right half-plane (RHP) zero in the open-loop transfer function of the robust force control system; thus, the stability and performance significantly deteriorate. New design criteria are proposed to improve the stability and performance of an RTOB-based robust force control system. Authors have recently proposed a new adaptive design method for the RTOB-based robust force control systems by using the proposed analysis methods [26] .
The rest of this paper is organized as follows. In Section II, a DOB and an RTOB are presented briefly. In Section III, the stabilities of DOB-based robust position and force control systems are analyzed, and new design criteria are proposed. In Section IV, simulation and experimental results are given. This paper ends with the conclusion given in the last section.
II. DOB AND RTOB
A. DOB
A DOB, which is shown in Fig. 1 , estimates external disturbances and system uncertainties such as external load, friction, inertia variation, and so on. The robustness of the system is achieved by feeding-back the estimated disturbances as shown in the figure. If it is assumed that g v is infinite, i.e., ideal velocity measurement is achieved, then the dynamic equations of the robust motion control system are derived from Fig. 1 as follows: total system disturbance and its estimation. Equation (2) shows that a disturbance can be precisely estimated if it stays within the bandwidth of a DOB.
A DOB-based robust motion control system has a multiinput-single-output control structure, and its transfer function is described here.
1) If g v is infinite, then
are the sensitivity and co-sensitivity transfer functions, in which L DOB (s) = α(g DOB /s) and
where T DOB SEN and T
DOB
CoSEN are same as defined above; however,
Equations (3) and (4) show that a DOB works as a phase lead-lag compensator that is adjusted by α. If α > 1, then a DOB works as a phase lead compensator, and the stability and performance are improved by increasing α.
It is a well-known fact that a DOB requires precise velocity measurement [27] . In practice, g v should be finite to suppress noise and obtain precise velocity measurement in a determined bandwidth. Although it has never been considered so far, the robustness of a DOB significantly changes when an LPF is used in velocity measurement. It can be briefly explained as follows.
The sensitivity and co-sensitivity transfer functions, i.e., disturbance and noise responses, of a DOB-based motion control system are given in (3) and (4) . The relative degree of L DOB (s) is one and two when g v is infinite and finite, respectively. The Bode integral theorem shows that if the relative degree of L DOB (s) is higher than one, then T DOB SEN cannot be freely shaped; the peak of T DOB SEN at high frequencies increases as the sensitivity reduction at low frequencies is increased [17] , [28] . Consequently, as shown in (4), α and g DOB cannot be freely increased due to the robustness constraint. A simple derivation for the robustness constraints of α and g DOB can be obtained as follows.
Let us consider the characteristic polynomial of T
The natural frequency and damping coefficient of (5) are as follows:
To improve the robustness of a DOB, i.e., to suppress the peak of T DOB SEN /T DOB CoSEN , if it is assumed that ξ ≥ 0.707, then [29] 
Equation (7) is a new design constraint that provides good robustness when an LPF is used in velocity measurement. The robustness of a DOB can be improved by increasing the lower constraint of ξ; however, the upper bounds of α and/or g DOB become more severe; thus, the stability and performance of a DOB deteriorate. Therefore, there is a tradeoff between the robustness and stability and performance of a DOB-based motion control system.
B. RTOB
An RTOB, which is shown in Fig. 2 , is used to estimate environmental impedance [22] . In this figure,τ frc m andτ int m denote estimated friction and interactive torques, respectively; ΔĴ m and ΔK τ denote estimated inertia and torque coefficient variations, respectively; and g RTOB denotes the cutoff frequency of an RTOB. Figs. 1 and 2 show that a DOB and an RTOB have quite similar control structures; however, only the latter is a model-based control method.
III. ROBUST POSITION AND FORCE CONTROL SYSTEMS
Here, stability analyses of the robust position and force control systems will be presented. 
A. Position Control
A block diagram of an acceleration-based robust position control system is shown in Fig. 3 [7] . In this figure, q 
when g v is infinite, and
when g v is finite. The characteristic functions of the robust position control system depend on g DOB , α, K p , K D , and g v .
For the sake of simplicity, let us consider (8) . If the stability of the transfer function is analyzed by using the Routh-Hurwitz theorem, then
is derived as a stability criterion [29] , [30] . It clearly shows that the stability is improved by using a higher/lower nominal inertia/torque coefficient, i.e., increasing α. However, as it is shown in (7), α cannot be freely increased due to the robustness constraint of a DOB. Therefore, there is a tradeoff between the robustness of a DOB and the stability of a DOB-based robust position control system. Although, in general, it is assumed that the robustness and performance controllers are independent from each other, it is not true. The robustness of the position control system depends not only on the DOB but also on the outer-loop performance controller. It can be shown as follows.
The sensitivity and co-sensitivity transfer functions of the robust position control system are derived as follows:
where
Equation (11) shows that the robustness of the position control system can be improved by increasing the outer-loop control gain when αg DOB > 0.5g v ; however, a DOB is still sensitive to noise and disturbances at high frequencies in the inner loop.
B. Force Control
A block diagram of an RTOB-based robust force control system is shown in Fig. 4 [22] . In this figure, C f denotes the outer-loop force control gain, and the other parameters are same as defined above. A DOB provides the robustness of the force control system by estimating external disturbances and system uncertainties in the inner loop. However, system uncertainties should be precisely identified to design an RTOB in the outer loop. In the design of an RTOB, imperfect identification of system uncertainties may degrade not only the performance but also the stability. The stability of the robust force control system is analyzed as follows.
Let us define the external load, i.e., the environmental contact, by using a lumped spring-damper model as follows:
where D env and K env denote the environmental damping and stiffness coefficients, respectively; and q env andq env denote 
The transfer function between τ 
is the open-loop transfer function of an RTOB-based force control system; If an RTOB is designed by using perfect system identification, i.e., α = β, then the open-loop transfer function is
In general, the bandwidths of a DOB and an RTOB are set to the same value in an RTOB-based robust force control system.
If it is applied into (18), i.e., g DOB = g RTOB = g, then the open-loop transfer function is
Equations (17)- (19) show that each of the open-loop transfer functions has a pole at the origin; thus, the steady-state error of force control is removed by a DOB.
Let us start to analyze the robust force control system by considering (19) . The relative degree of the open-loop transfer function is two; thus, its root loci have asymptotes at ±90
• . The stability of the robust force control system deteriorates as the stiffness/damping of the environment increases/decreases since the zero of the open-loop transfer function at −K env /D env moves away from the origin and the phase lag increases.
If the bandwidths of the DOB and the RTOB are set to different values, then the relative degree of the open-loop transfer function, i.e., the asymptotic behavior of the root locus, does not change; however, a new phase lead-lag compensator, which can be used to improve the stability and performance, is obtained. It is clearly shown by rewriting (18) as follows:
where C com = (s + g DOB )/(s + g RTOB ) is a phase lead-lag compensator. The stability and performance of an RTOB-based robust force control system can be improved by using C com as a phase lead compensator, i.e., g RTOB > g DOB . So far, it is assumed that an RTOB is designed by using the perfect identification of inertia and torque coefficient. However, in practice, the identification of inertia is one of the most challenging issues in the design of an RTOB. Equation (17) shows that if an imperfect identification is used in the design of an RTOB, then the relative degree of the open-loop transfer function is one; thus, its root loci have asymptotes at 180
• . Although the asymptotic behavior of the root locus improves by decreasing the relative degree of the open-loop transfer function, the stability significantly changes by the imperfect identification. It can be explained as follows.
Let us consider the numerator of (17) by using
As it is shown in (21), L RTOB (s) has an RHP zero if J m K τ > J mKτ , i.e., α > β. It is obvious that the stability and performance of the robust force control system deteriorate by the RHP zero. To overcome this issue, i.e., to obtain a minimum phase robust force control system, a new design constraint is proposed as follows:
Consequently, the following design constraints should be considered in the design of DOB-based robust motion control systems. 1) The stability of a DOB-based robust motion control system can be improved by increasing/decreasing the nominal inertia/torque coefficient.
2) The peaks of the inner-loop's sensitivity and cosensitivity transfer functions can be decreased, i.e., the robustness of a DOB can be improved, by decreasing/increasing the nominal inertia/torque coefficient. However, the stability deteriorates. 3) In general, α = 2 and g DOB ≤ 0.25g v are useful design parameters to improve the stability and robustness. 4) Setting g RTOB > g DOB improves the stability of an RTOB-based robust force control system. 5) As α − β increases, the stability of an RTOB-based robust force control system deteriorates, and the bandwidth of the force control system gets lower. As a result, not only the performance but also the stability deteriorates. 6) As β − α increases, the stability of an RTOB-based robust force control system improves; however, the performance deteriorates due to the estimation error of environmental impedance. 7) To improve the performance of an RTOB-based robust force control system, the torque coefficient should be precisely identified in the design of an RTOB; however, the inertia identification can be neglected in many cases due to low accelerations in force control.
IV. SIMULATION AND EXPERIMENTS
Here, simulation and experimental results will be presented.
A. Simulation
The parameters of the simulations are shown in Table I . Let us start by considering the robustness of a DOB. Fig. 5 shows the co-sensitivity functions' frequency responses of the inner and outer loops, i.e., T DOB CoSEN and T PC CoSEN , when a proportional-derivative controller is implemented to achieve position control goals. As shown in Fig. 5(a) , the frequency responses of T DOB CoSEN significantly change at high frequencies as α and/or g DOB are increased when g v is finite. Against the ideal velocity measurement case, αg DOB cannot be freely increased due to the robustness constraint when practical velocity measurement is considered. However, the outer-loop position controller improves the robustness of the position control system, as shown in Fig. 5(b) . Although the robustness of the outer loop is improved by the performance controller, a DOB becomes more sensitive at high frequencies in the inner loop as αg DOB is increased. Let us now consider the stability of a DOB-based robust position control system. The root locus of the robust position control system, which is shown in Fig. 6 , is plotted with respect to α when g DOB is 500 rad/s. It shows that the stability of the robust position control system improves as α is increased. However, α is limited by the robustness constraint of a DOB; thus, there is a tradeoff between the stability of the position control system and the robustness of a DOB.
Finally, let us consider the stability of the robust force control system. The root loci of an RTOB-based robust force control system are plotted with respect to C f in Fig. 7 . Fig. 7(a) indicates that increasing g RTOB and/or α improves the stability of the robust force control system when the inertia and torque coefficient are precisely identified. However, α is limited by the robustness of a DOB; thus, there is a tradeoff between the stability and robustness in the RTOB-based robust force control systems as well. Fig. 7(b) indicates that the imperfect identification changes the stability of the robust force control system significantly: if α > β, then the stability of the robust force control system deteriorates due to the RHP zero; however, if α < β, then the stability is improved. 
B. Experiments
A joint space control of a two-link planar robot arm, which is shown in Fig. 8 , is carried out in the experiments. Specifications of the experimental setup are shown in Table II . The sampling time is 0.1 ms. Let us start by considering the robustness constraint of a DOB. Fig. 9 shows the torque control responses of the first motor when α has different values and g DOB = 200 rad/s. It is clear from the figure that as α is increased, DOB becomes more sensitive to noise since the robustness deteriorates. To improve the robustness of DOB, α and g DOB should be tuned by considering the robustness constraint given in (7) .
Let us now consider the stability of the robust force control system. Fig. 10 shows the torque control responses of the first motor when the robot does not come in contact with the environment initially. The second motor is controlled by using zero position control, and a step torque reference is applied to the first motor at 1 s. Fig. 10 clearly shows that the stability of the robust force control system significantly changes by the design parameters of DOB and RTOB and is improved by designing α ≤ β. To improve the performance of the robust force control system, α < β is designed by usingK τ ∼ = K τ and J m < J m .
Finally, an acceleration-control-based hybrid motion control implementation is conducted by using the proposed position and force control systems. A block diagram of the accelerationcontrol-based hybrid motion control system is shown in Fig. 11 . In this figure, ρ denotes the compliance selection constant. Torque control is conducted between 0 and 5 and 10 and 15 s, and position control is conducted between 5 and 10 s.
Step torque reference inputs are applied to each joint at different times during the torque control, and the links interact with the environments initially; sinusoidal position reference inputs are applied to each joint, and plant uncertainties are identified to improve the performance and stability by using an online identification algorithm during the position control [26] . Figs. 12 and 13 show the position and torque control responses at each joint, respectively. As shown in the figures, the position and torque control goals can be achieved when the proposed methods are used. Moreover, as shown in Fig. 13 , the performance of the robust force control system, i.e., the RTOB, can be improved by identifying system uncertainties, such as friction, during position control.
V. CONCLUSION
This paper has proposed new design tools for the DOB-based robust motion control systems. It is shown that as the nominal inertia/torque coefficient is increased/decreased, the stability of the robust motion control system is improved; however, the robustness of a DOB deteriorates, and vice versa. A new design method that improves the stability and robustness of a DOB-based motion control system is proposed. It is clear from the analyses that velocity measurement is of great importance for the stability, robustness, and performance of a DOB-based motion control system.
A new stability analysis is proposed for the RTOB-based robust force control systems. It is shown that a DOB and an RTOB can be designed as a phase lead-lag compensator and that increasing the bandwidth of the RTOB improves the stability of the robust force control system. When the inertia and torque coefficient cannot be precisely identified, the stability of the robust force control system significantly changes. If the identified inertia/torque coefficient is lower/higher than the exact one, then the stability of the robust force control system is improved. However, if the identified inertia/torque coefficient is higher/lower than the exact one, then the robust force control system has an RHP zero; thus, its stability significantly deteriorates by increasing the force control gain. Therefore, not only the performance but also the stability is affected by the identification errors in the design of an RTOB. To improve the performance of an RTOB-based robust force control system, torque coefficient identification is crucial; however, inertia identification can be neglected in many cases due to low acceleration in force control. Therefore, if lower identified inertia is used in the design of an RTOB, then the stability of the robust force control system can be improved without degrading the performance. The simulation and experimental results clearly show the validity of the proposals.
